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a-Lactalbumin (o-LA) is a small (Mr 14,200), acidic (pl 4-5), Ca2+-binding protein. a-LA is a regulatory component of
lactose synthase enzyme system. a-LA is very important in infant nutrition since it constitutes a large part of the whey and
total protein in human milk. The protein possesses a single strong Ca2+-binding site, which can also bind Mg2+, Mn2+,
Na+, K+, and some other metal cations. It contains several distinct Zn2+-binding sites. Physical properties of a-LA
strongly depend on the occupation of its metal binding sites by metal ions. In the absence of bound metal ions a-LA is in
the molten globule-like state. The binding of metal ions, and especially of Ca2+, increases stability of a-LA against action
of heat, various denaturing agents, and proteases, while the binding of Zn2+ to the Ca2+-loaded protein decreases its
stability and causes its aggregation. The thermal unfolding of apo-o-LA takes place in the temperature region from 10 to
30 °C. The binding of Ca2+ under the conditions of low ionic strength shifts the thermal transition to higher temperatures
by more than 40 °C. The binding of Mg2+, Na+, and K+ increases protein stability as well. The stronger an ion binds to the
protein, the more pronounced the thermal transition shift. All four classes of surfactants (anionic, cationic, non-ionic, and
zwitterionic) denature a-LA and the denaturation involves at least one intermediate. The position of any denaturation
transition in a-LA (half-transition temperature, half-transition pressure, half-transition denaturant concentration) depends
upon metal ion concentration in solution (especially if this metal ion is Ca2+). Therefore, values of denaturation
temperature or urea or guanidine hydrochloride denaturing concentration are relatively meaningless for a-LA without
specifying the metal ion content(s) and their solution concentration(s). At a neutral or slightly acidic pH at a physiological
temperature, a-LA can associate with membranes. The conformations of the membrane-bound protein range from native-
like to molten globule-like states. At a low pH, a-LA penetrates the interior of the negatively charged membranes and
exhibits a molten globule conformation. Depending on external conditions, a-LA can form amyloid fibrils, amorphous
aggregates, nanoparticles, and nanotubes. At pH 2, a-LA in the classical molten globule conformation can form amyloid
fibrils. Some of these aggregated states of a-LA (nanoparticles, hanotubes) can be used in practical applications such as
drug delivery to tissues and organs. The structure and self-assembly behavior of a-LA are governed by a subtle balance
between hydrophobic and polar interactions and this balance can be finely tuned through the addition of selected
substances. Small size nanoparticles of a-LA (100 to 200 nm) can be obtained with the use of various desolvating agents.
Partially hydrolyzed a-LA can form nanotubes. a-LA and some of its fragments possess bactericidal and antiviral activities.
Complexes of partially unfolded a-LA with oleic acid showed significant cytotoxicity to various tumor and bacterial cells. o-
LA in such complexes plays a role of a delivery carrier of cytotoxic fatty acid molecules into tumor cells across the cell
membrane. Cytotoxic protein—oleic acid complexes possess a common core-shell structure, where an oily core is made of
a micellar oleic acid, whereas a proteinaceous shell, which stabilizes the oleic acid micelle, is formed from the flexible,
partially unfolded proteins. These complexes called liprotides (lipids and partially denatured proteins), which are potential
novel anti-tumorous drugs, can be considered as molten globular containers filled with the toxic oil.
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| 1. Introduction

a-Lactalbumin (a-LA) is a small (Mr 14,200), acidic (pl 4-5) globular protein found in the whey fraction of milk in all
mammals. Mean concentration of a-LA in mature human milk is 2.44 + 0.64 g/L during lactation . a-LA accounts for
about 25-35% of the total milk protein content and 41% of the whey protein content ZE a-LA is one of the two
components of lactose synthase, which catalyzes the final step in lactose biosynthesis in the lactating mammary gland 4.
The second component of this system is galactosyl transferase (GT), which is involved in the processing of proteins in
various secretory cells by transferring galactosyl groups from UDP-galactose to glycoproteins containing N-
acetylglucosamine. In the lactating mammary gland the specificity of GT is modulated by its interaction with a-LA, which
increases its affinity and specificity for glucose.



a-LA has a single strong CaZ*-binding site EI€! and for this reason it frequently serves as a simple model Ca2*-binding
protein. a-LA has several partially folded intermediate states, which have been of intense interest in the general protein
folding field. Both its acidic pH state and metal free state (at elevated temperatures) are classical “molten globule” 8],
Some forms of a-LA can induce apoptosis in tumor cells 2! and possess bactericidal activity 2. Depending on conditions,
a-LA can form fibrils, nanoparticles, and nanotubes. It is an amazing protein and studies of this protein have been going

on for several decades and it does not look like they will end soon. Several reviews on a-LA were published in 2000 iy
2005 22 2009 (23] 2011 241 2016 WSIEIAT] and 2020 L8],

| 2. a-Lactalbumin Structure

a-Lactalbumins (a-LA), lysozymes c, and calcium-binding lysozymes make up a protein super-family 122021122] Thejy
genes consist of four exons separated by three introns [2324125] o-| A gene is expressed in epithelial cells of the lactating
mammary gland. Specific amino acid substitutions in o-LA resulted in the loss of the lysozyme catalytic activity and
created the features necessary for the role of a-LA in lactose synthesis. Most a-LAs consist of 123 amino acid residues,
only rat o-LA contains 17 additional C-terminal residues. All a-LAs contain 8 cysteines, which form four disulfide bonds
crucial for the formation of the native fold of these proteins 28. The UniProt database (http://www.uniprot.org/uniprot/)
contains the amino acid sequences of a-LAs from 22 species. Positions of all their eight cysteines and a calcium-binding
site (residues DKFLDDDITDDI in human protein) are strongly conserved.

Usually, a part of a-LA is glycosylated in fresh milk &, Rat a-LA is mostly glycosylated (mannose, galactose, glucose,
glucosamine, galactosamine, fucose, and sialic acid) and exists in multiple forms 28!,

The amino acid compositions of a-LAs are generally closer to the compositions of ordered proteins than to the
compositions of intrinsically disordered proteins 5. The intrinsic disorder propensities of a-LAs from various species
evaluated by several disorder predictors showed that a-LAs are expected to be compact ordered proteins containing
functionally important short regions of intrinsic disorder 2. In various a-LAs, a part of the region corresponding to the
Ca?*-binding motif is predicted to be either disordered (disorder scores above 0.5) or at least flexible having disorder
scores exceeding noticeably 0.1 131,

X-ray crystallographic data are available for a-LAs isolated from human (PDB ID: 1A4V), baboon (PDB ID: 1ALC), cow
(PDB ID: 1F6R), goat (PDB ID: 1HFY), and guinea pig (PDB ID: 1HFX) milk. In fact, the overall structures of guinea-pig
(291 goat (29 povine 129, buffalo BU, and human B2 o-LAs are similar to the structure of that earlier reported for baboon
a-LA 28], X-ray crystallography showed that the 3D structure of a-LA is very similar to that of lysozyme B2E3l The a-LA
molecule is roughly ellipsoidal in shape (23 x 26 x 40 A) and consists of two domains: A large a-helical domain and a
small mostly B-structural domain connected by a calcium-binding loop (Figure 1). The a-helical domain is composed of
three classical a-helices (residues 5-11 (A), 23-34 (B), and 86-99 (C)) and two short 3,p-helices (residues 17-21 and
115-119). The small B-sheet domain is composed of a series of loops, a small three-stranded antiparallel B-pleated sheet
(residues 40-43, 47-50, and 55-56) and a short 3;9-helix (76-82). The two domains are separated by a deep cleft
between them. At the same time, they are held together by the cysteine bridges between residues 73 and 91 and between
residues 61 and 77. The major secondary structural elements are conserved in all the a-LA structures.

B-domain




Figure 1. X-ray structure of Ca%*-bound human o-lactalbumin (PDB ID 1a4v). a-Helices are shown in blue; B-structure is
shown in green; S-S bridges are shown in yellow. Gray sphere represents bound calcium ion, and amino acid residues
taking part in its coordination are represented by stick model.

At low pH values (pH 2) a-LA is in the classical molten globule state (A-state) 24, This state has a relatively high content
of native-like secondary structure but its tertiary structure is partially disordered and many amino acid side chains are not
entirely fixed and characterized by an elevated flexibility. The radius of gyration of native Ca?*-loaded a-LA is 15.7 A, but
the acid molten globule has a radius of 17.2 A B2, The similar partially folded, molten globule state of a-LA is formed in
the calcium-depleted form at neutral pH upon moderate heating by dissolving the protein in aqueous trifluoroethanol, by
adding fatty acid B8, or in the course of urea- and guanidine chloride-induced protein unfolding BZI28 Most of the
aromatic amino acid residues in a-LA molten globule are more accessible to solvent than in the native state B2,

The formation of disulfide bridges in a-LA is extremely important for its correct folding [28l. At the same time, an o-LA
mutant, in which all eight cysteines were substituted by alanine, was nearly as compact as wild-type a-LA at an acidic pH
(491 |t shows that overall compaction of the a-LA fold is determined by the polypeptide sequence itself and does not
represent a result of the disulfide bond cross-linking.

o-LA has a single strong calcium-binding site, which is formed by oxygen ligands from carboxylic groups of three Asp
residues (82, 87, and 88) and from two carbonyl groups of the peptide backbone (Lys79 and Asp84) in a loop between
two helices 2IB3, |n addition, one or two water molecules take part in direct coordination of Ca2*. Overall, the oxygen
ligands form a distorted pentagonal bipyramidal structure. The binding of Ca2* to a-LA at room and elevated temperatures
causes pronounced changes mostly in the tertiary structure of this protein, whereas its secondary structure is almost
unaffected by Ca?* binding or release.

The thermal unfolding of apo-a-LA takes place in the temperature region from 10 to 30 °C. The binding of calcium and
other metal ions shifts the thermal transition toward higher temperatures. The magnitude of the shift is highly dependent
on the type of bound metal cation. The equilibrium scheme of the binding of one metal ion to the protein molecule should
take into consideration equilibria between native and thermally changed states of the protein 4B, |t was found that
Ca?* and Mg?* cations compete with each other for the same site in a-LA [42. The kinetics of Mg2* association with a-LA is
about four orders of magnitude slower compared to the kinetics of Ca?* binding, whereas the dissociation of both cations
is equally slow 3l The tight association of water molecules to free Mg2* ions, which decreases the entropy of the water—
metal system, is probably responsible for higher entropy changes upon Mg?* binding to protein.

Several distinct Zn?*-binding sites were found in a-LA 2445 One zinc ion is sandwiched between Glu49 and Glu116 of
the symmetry-related subunit in the dimeric crystal unit cell of human a-LA 48], However, the strongest zinc-binding site
appears to be located near the N-terminus of the protein [44. A proposed site consists of oxygens from Glul, Glu7, Glull,
and Asp37.

| 3. Folding-Unfolding of a-Lactalbumin

The folding process of a-LA was studied by many experimental methods. Ity was found that the folding nucleus of goat a-
LA is located near the Ca2*-binding site and at the interface between the C-helix and the B domain 28 The radius of
gyration and the overall shape of the kinetic folding intermediate of a-LA are the same as those of the molten globule state
observed at equilibrium. The folding intermediate is more hydrated than the native state and the hydrated water molecules
go away during the transition from the molten globule to the native state 9. Upon the binding of Ca?* to the molten
globule state of a-LA, the calcium-binding site acts as a nucleus for the stabilization of the tertiary structure in the rest of
the protein B, A neutron-scattering study of the nanosecond and picosecond dynamics of the native and denatured o-LA
revealed that under extremely denaturing conditions and even in the absence of disulfide bonds a-LA possesses some o-
helical structure and tertiary-like side-chain interactions fluctuating on sub-nanosecond time-scales 211,

All four classes of surfactants (anionic, cationic, non-ionic, and zwitterionic) denature a-LA and the denaturation involves
at least one intermediate 2. Non-ionic and zwitterionic surfactant monomers are able to prepare a-LA for denaturation
due to weak monomer—protein interactions that facilitate micellar interactions, while ionic surfactants denature a-LA
efficiently as monomers/hemi-micellar aggregates below the critical micelle concentration (cmc) but exclusively as
micelles above the cmc. The binding of metal cations seriously increases the stability of a-LA not only against heat, but
also against the action of various denaturing agents such as urea or GdnHCI BZ. Important features of the urea or
GdnHCI denaturation curves are distinct intermediate molten globule-like states arising at intermediate denaturant
concentrations. It was found that heat denatured proteins contain secondary structure, and GdnHCI (or urea) induces a
cooperative transition between heat-denatured and GdnHCl-denatured states (331,



| 4. Fibrillation of a-Lactalbumin; Nanoparticles and Nanotubes

Protein misfolding and subsequent formation of protein aggregates of various morphologies is the cause of many
diseases. It was found that at pH 2 bovine a-LA in the classical molten globule conformation can form amyloid fibrils B4I,
S-(carboxymethyl)-a-LA, a disordered form of the protein with three out of four disulfide bridges reduced, was even more
susceptible to fibrillation. The fibrillation was accompanied by a dramatic increase in the B-structure content monitored by
FTIR spectroscopy and by a characteristic increase in the thioflavin T fluorescence intensity. a-LA derivatives with a single
peptide bond fission (1-40/41-123, named Thl-a-LA) or a deletion of a chain segment of twelve amino acid residues
located at the level of the B-domain of the native protein (1-40/53-123, named desp-a-LA) aggregate at pH 2.0 much
faster than the intact protein and form long and well-ordered fibrils 5. In contrast to intact o-LA, the o-LA derivatives form
regular fibrils also at a neutral pH. The structure and self-assembly behavior of a-LA are governed by a subtle balance
between hydrophobic and polar interactions and this balance can be finely tuned through the addition of selected
hydrophobic monohydric alcohols 8],

Small size nanoparticles of a-LA (100 to 200 nm) can be obtained with the use of acetone as the desolvating agent and
without any pretreatment B4, These nanoparticles, with an isoelectric point of 3.61, are very stable at pH values >4.8,
although their antioxidant activity is weak. Zhang et al. prepared silver/protein hanocomposites using a-LA 8l The
nanocomposites were formed by Ag—S or Ag—N coordination bonds and electrostatic interactions.

a-LA is characterized by the ability to form fibrillar nanostructures called “nanotubes”. For example, partially hydrolyzed o-
LA forms strong gels consisting of non-branching, hollow microtubules with a uniform diameter distribution of about 20 nm
and lengths exceeding 2 pm B2, Formation of nanotubes from partially hydrolyzed a-LA was investigated at various pH
values, two concentrations of a-LA, and two calcium levels 9. Nanotubes were formed under almost all combinations of
the investigated factors. Only one sample (10 g L™2, calcium ratio 2.4, pH 7.5) formed mainly fibrils instead of nanotubes.
The majority of nanotubes were found to have an outer diameter around 19 and an inner diameter of 6.6 nm.

5. Interactions of a-Lactalbumin with Organic Substances, Peptides, and
Proteins

o-LA can interact with various organic substances and the interaction depends on calcium and other physiologically
significant metal ions. a-LA binds UDP-galactose, the substrate of lactose synthase reaction, as well as UDP and UTP (611,
The binding parameters depend upon the metal bound state of the protein, but the binding constant for UDP-galactose is
low (103 - 104 M™Y.

The binding of bis-ANS (hydrophobic fluorescent probe 1,1'-bis(4-anilino-5-naphthalene sulfonate) is widely used for
studies of a-LA 2. Apo-a-LA binds two bis-ANS molecules per molecule, while Ca2*-a-LA binds five bis-ANS molecules.
ANS binds to the acidic state of a-LA at two independent binding sites, which remain nearly the same in the temperature
range of 10-35 °C [63],

o-LA binds melittin, a short peptide from bee venom, which is frequently used as a model target protein for calmodulin and
other calcium-binding proteins €4, Calmodulin and some other calcium-binding proteins bind melittin mostly in the
presence of Ca?*. In contrast, a-LA is able to bind melittin only in the absence of calcium ions. Apo-protein interacts with
melittin with the binding constant 5 x 107 M. The binding alters the melittin conformation from a random coil in solution
to a helical structure in the binary complex with apo-a-LA.

a-LA possesses several classes of fatty acid-binding sites 6368l Using fluorescence spectroscopy it was shown that
bovine apo-a-LA has one binding site for stearic acid with a dissociation constant of 2.3 pM at pH 8.5, whereas several
binding sites (n = 3 - 5) with a dissociation constant of 35 pM were found for 5-doxy! stearic acid €€,

Interestingly, a-LA interacts with lysozyme. These two globular proteins have highly homologous tertiary structures but
opposite electric charges. As assessed by isothermal titration calorimetry, lysozyme does not bind to the Ca®*-loaded a-
LA, but interacts with calcium-depleted a-LA €768l This interaction leads to the formation of various supramolecular
structures depending on the temperature.

| 6. Interactions of a-Lactalbumin with Membranes

o-LA interacts with membranes, despite the fact that it is a soluble protein. This interaction is governed by the charge of
the lipid headgroup, membrane curvature, composition, ionic strength, and pH. The self-incorporation of apo-a-LA into
single unilamellar vesicles (SUV) of dimyristoylphosphatidylcholine (DMPC) and dipalmitoylphosphatidylcholine (DPPC)
was demonstrated by size exclusion chromatography (Sephadex G-200 or Sepharose 4B), intrinsic fluorescence emission



of a-LA bound to SUV, and scanning microcalorimetry BAZAZLIZ2] |t was shown that a-LA also interacts with membranes
containing negatively charged lipids such as phosphatidylglycerol. Interactions of several conformers of a-LA in aqueous
solution  with negatively charged large unilamellar vesicles (lecithin, 1,2-dioleoylphosphatidylglycerol,
dipalmitoylphosphatidyl-glycerol,) were studied by CD, infrared spectroscopy, differential scanning calorimetry, and by
content leakage experiments [Z3Il74175],

The interaction with membranes changes physical properties of both a-LA and membranes.It was concluded that a limited
expansion of conformation of a-LA occurs upon membrane association at neutral or slightly acidic pH at the physiological
temperature, with a concomitant increase in tryptophan exposure to solvent and external quenchers. The conformations of
the membrane-bound protein range from native-like to molten globule-like. At a low pH, a-LA penetrates the interior of the
negatively charged membranes and exhibits a molten globule conformation. The degree of unsaturation of the acyl chains
and the proportion of charged phospholipid species in the membranes made of neutral and acidic glycerophospholipids
are determinants for the association of a-LA with liposomes and for the impermeability of the bilayer 8. Tighter packing
prevented interaction with a-LA, while unsaturation leading to looser packing promoted interaction with a-LA and leakage
of contents.

7. Bactericidal, Antiviral and other Biological Activities of a-Lactalbumin
and Its Fragments

o-LA and some of its fragments possess bactericidal and antiviral activities. Proteolytic digestion of a-LA by trypsin and
chymotrypsin yields three peptides with bactericidal properties: LDT1 and LDT2 (tryptic digestion), and LDC (limited
proteolysis with chymotrypsin) X4, LDT2 and LDC fragments are composed of two peptide chains held together by
disulfide bridges. Curiously, the bactericidal activity of these fragments depends on the presence of the disulfide bridges,
and the single chain peptides derived from LDT2 or LDC by the reduction of disulfides are devoid of any bactericidal
activity . The polypeptides are mostly active against Gram-positive bacteria, suggesting a possible antimicrobial function
of a-LA after its partial digestion by endopeptidases.

It was found that a-lactorphin, tetrapeptide Tyr-Gly-Leu-Phe, fragment 50-53 of a-LA, obtained by enzymatic hydrolysis of
a-LA by pepsin and trypsin, lowers blood pressure in adult spontaneously hypertensive rats 8. A 35 amino acid residues
long peptide, a cleaved by endopeptidase Lys C product from human a-LA (residues 59-93), induces the growth of
human fetal lung fibroblast cells 9. Two highly potent a-LA peptides with an angiotensin-converting enzyme inhibitory
effect are found B9, They correspond to the a-LA fragments 16-26 (sequence KGYGGVSLPEW) and 97-104
(DKVGINYW). Their IC5q values are as low as 0.80 and 25.2 g/mL, respectively. An a-LA folding variant with bactericidal
activity against antibiotic-resistant and antibiotic-susceptible strains of Streptococcus pneumonia has been found 1],

a-LA exhibits anti-Helicobacter activities in vivo with well-demonstrated antiulcer potential in rats [B2B3184] Esterified
(methylated and ethylated) forms of a-LA are able to protect Lactococcus lactis against infection by lactococcal
bacteriophages (bIL66, bIL67, and blL170) [232] and also possess strong antiviral activity against bacteriophage M13 [83],

Yarramala et al. replaced the natural calcium ion in the binding site of bovine a-LA with lanthanum ion La3* [88],
Surprisingly, the complex La®*-a-LA exhibited much stronger anticancer activity against breast cancer cells as compared
to the BAMLET (bovine a-LA made lethal to tumor cells; see below) complex. La%"-a-LA is preferentially more toxic to
MCEF-7 cells as compared to KB (oral cancer) and HeLa (cervical) cells, while almost non-toxic to the healthy cells.

| 8. Anti-Tumorigenic Activities of a-Lactalbumin

Hakansson et al. 287 and Svensson et al. 88 discovered that some multimeric human o-LA derivatives served as a
potent apoptosis-inducing agent with broad, yet selective, cytotoxic activity, killing all transformed, embryonic, and
lymphoid cells tested. The multimeric a-LA complexed with lipids (which was called MAL) induced a loss of the
mitochondrial membrane potential, mitochondrial swelling, and the release of cytochrome c, followed by activation of the
caspase cascade 4. MAL was shown to cross the plasma membrane and cytosol and enter the cell nucleus, where it
induced DNA fragmentation through a direct effect at the nuclear level [29,

Similar results were obtained with HAMLET (human o-lactalbumin made lethal to tumor cells), which is a native human o-
LA converted in vitro to the apoptosis-inducing folding variant by complexing the protein with unsaturated C18 fatty acids
in the cis-conformation (oleic acid) BHE2E3] The protein molecules in HAMLET are in a molten globule-like conformation.
Besides human a-LA, similar anticancer activities demonstrate the oleic acid-bound forms of a-LAs from other species,
such as cow, camel, and goat (BAMLET, CAMLET, and GAMLET for bovine, camel, and goat a-LA made lethal to tumor
cells, respectively).



The formation of the complex a-LA-oleic acid is strongly dependent on calcium, ionic strength, and temperature 241, The
spectrofluorimetrically estimated number of oleic acid molecules irreversibly bound per a-LA molecule (after dialysis of the
oleic acid-loaded preparation against water followed by lyophilization) was dependent on temperature, being equal to 2.9
at 17°C (native apo-a-LA; resulting complex referred to as LA-OA-17 state) and 9 at 45 °C (thermally unfolded apo-a-LA;
LA-OA-45).

HAMLET was found to bind histones H3, H4, and H2B (2298l |n tumor cells, HAMLET co-localizes with histones and
perturbs the chromatin structure; HAMLET associates with chromatin in an insoluble nuclear fraction resistant to salt
extraction. In vitro, HAMLET binds strongly to histones and impairs their deposition on DNA. It was suggested that the
interaction of HAMLET with histones and chromatin in tumor cell nuclei locks the cells into the death pathway by
irreversibly disrupting chromatin organization. o-LA internalizes into the cells and enters even the nucleus only when it is
complexed with oleic acid 2. It is of interest that monomeric o-LA in the absence of fatty acids is also able to bind
efficiently to the primary target of HAMLET, histone H3, regardless of the CaZ* content [28]. Thus, the modification of a-LA
by oleic acid is not required for the binding to histones. The interaction of negatively charged a-LA with the basic histone
stabilizes apo-a-LA and destabilizes the Ca%*-bound protein due to compensation for the excess negative charge of a-
LA's Ca?*-binding loop by positively charged residues of the histone. Co-incubation of positively charged poly-amino acids
(poly-Lys and poly-Arg), used as models of histones, with a-LA resulted in effects similar to those caused by histone H3,
confirming the electrostatic nature of the a-LA-histone interaction. The conformational state of a-LA in a complex with
poly-Lys(Arg), named o-lactalbumin modified by poly-amino acid (LAMPA), differs from all other a-LA states characterized
to date, representing an apo-like (molten globule-like) state with substantially decreased affinity for calcium ion 22,

Zherelova et al. studied interactions of the complexes of a-LA-oleic acid with small unilamellar
dipalmitoylphosphatidylcholine (DPPC) vesicles and electro-excitable plasma membrane of internodal native and perfused
cells of the green alga Chara corallina 199, |t was shown that oleic acid binding increases the affinity of a-LA to DPPC
vesicles. Calcium association decreases protein affinity to the vesicles. The voltage clamp technique studies showed that
LA-OA-17, HAMLET, and their constituents produced different modifying effects on the plasmalemmal ionic channels of
the Chara corallina cells 129, The irreversible binding of the oleic acid complexes to the plasmalemma was accompanied
by changes in the activation—inactivation kinetics of developing integral transmembrane currents, suppression of the Ca®*
current and Ca?*-activated CI™ current, and by the increase in the non-specific K* leakage currents. The latter reflected in
development of nonselective permeability of the plasma membrane. The HAMLET-induced effects on the plasmalemmal

currents were less pronounced and potentiated by LA-OA-17.

The treatment of tumor cells by HAMLET results in their apoptotic changes, such as caspase activation, phosphatidyl
serine externalization, and chromatin condensation, but caspase inhibition or Bcl-2 over-expression not prolongs cell
survival and the caspase response is Bcl-2 independent 194 HAMLET translocates to the nuclei and binds directly to
chromatin, but the death response is not related to the p53 status of the tumor cells. It was concluded that tumor cell
death in response to the HAMLET treatment is independent of caspases, p53, and Bcl-2 even though HAMLET is able to
activate an apoptotic response. It was revealed that HAMLET-like complexes kill some microorganisms. For example,
Hakansson et al. showed that HAMLET-treated bacteria undergo cell death with mechanistic and morphologic similarities
to apoptotic death of tumor cells 192,

To assess the protein’s contribution to cytotoxicity of HAMLET, Permyakov et al. prepared complexes of oleic acid with
proteins, structurally and functionally distinct from a-LA 293 Similarly to HAMLET, the resulting samples of bovine pB-
lactoglobulin (B-LG) and pike parvalbumin (pPA) (bLG-OA-45 and pPA-OA-45) induced Streptococcus pneumoniae D39
cell death. The activation mechanisms of Streptococcus pneumoniae death for these complexes were analogous to those
for HAMLET. Cytotoxicity of the complexes against Streptococcus pneumoniae increased with oleic acid content in the
sample. The ICgq value for HEp-2 cells linearly decreased with the rise in oleic acid content in the sample. Furthermore,
the dependencies of HEp-2 cells viability upon oleic acid concentration in the sample for the complexes were close to that
for oleic acid alone. Hence, cytotoxic action of these complexes against HEp-2 cells is induced mostly by oleic acid.
Overall, the proteinaceous component of HAMLET-like complexes is not a prerequisite for their activity; the cytotoxicity of
these complexes is mostly due to the action of oleic acid. Many other authors also concluded that the protein portion of
the HAMLET-like complexes is not the origin of their cytotoxicity but plays a role of a delivery carrier of cytotoxic fatty acid
molecules into tumor cells across the cell membrane 104][105][106][107]{108]

Ho et al. presented the low-resolution solution structure of the complex of HAMLET, derived from small angle X-ray
scattering (SAXS) data 222, HAMLET shows a two-domain structure with a large globular domain and an extended part of
about 2.22 in length and 1.29 nm width. The major part of a-LA accommodates well in the shape of HAMLET. However,
the C-terminal residues 105 to 123 of human a-LA do not fit well into the HAMLET structure. It results in an extended
conformation of HAMLET, proposed to be required to form the tumoricidal active HAMLET complex with oleic acid.



A comprehensive analysis of a series of twelve cytotoxic protein—oleic acid complexes, formed from seven structurally
unrelated proteins (bovine B-lactoglobulin, pike parvalbumin, bovine serum albumin, immunoglobulin G, ovalbumin,
equine lysozyme, and bovine o-lactalbumin) and prepared by different procedures, revealed that these complexes
possessed the common core-shell structure, where an oily core is made of a micellar oleic acid, whereas a proteinaceous
shell, which stabilizes the oleic acid micelle, is formed from the flexible, partially unfolded proteins 119 Therefore, these
liprotides (lipids and partially denatured proteins), which are potential novel anti-tumorous drugs, can be considered as
molten globular containers filled with the toxic oil. Liprotides are known to increase the fluidity of membranes and transfer
oleic acid to vesicles. Frislev et al. studied the effect of liprotides on the cell membrane and revealed their cytotoxicity
against MCF7 cells 111 Studies of liprotides are important because of their anti-carcinogenic properties, which are
promising for their applications in the clinic 222, In addition, liprotides can be used for drug delivery due to the ability of the
micelle core to solubilize and stabilize hydrophobic compounds.
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